CHANNELS OF THE INWARD RECTIFIER potassium family, subtype 2 (Kir2 channels) are expressed in excitable cells and play an important role in regulating the resting membrane potential and modulating excitability (1, 23) . Dysregulation of Kir2 channel function leads to disease in humans such as cardiac arrhythmias (1) . A defining characteristic of Kir2 channels is strong inward rectification: they preferentially conduct K ϩ in the inward direction and exhibit only a very small outward K ϩ conductance, due to voltage-dependent block by intracellular polyamines (32) . There are several Kir2 channel subunits with varying properties such as differential sensitivity to pH or channel blockers (23) . Since functional Kir2 channels are tetramers, channels with different characteristics can be generated by coassembly of multiple subunits within the same cell, as occurs in the mammalian heart (15, 38) .
Kir2 channels are also expressed in nonexcitable cell types such as immune system cells, but their role in these cells is not well understood. In particular, functional Kir2 channels have been demonstrated in mammalian phagocytic cells, including macrophages (17, 20, 43) , macrophage-derived cell lines (13, 34, 35) , and eosinophils (49) . These cells are derived from a common myeloid precursor and, when activated by inflammatory stimuli, contribute to innate immunity by engulfing and destroying pathogens (33) . This occurs primarily via generation of reactive oxygen species by NADPH oxidase in a process known as the respiratory burst (9) . Human CD33 Ϫ
CD34
ϩ hematopoietic progenitor cells, which give rise to erythroid and myeloid progenitors, also express functional Kir2 channels, and blocking these channels inhibits growth factor-dependent proliferation and production of myeloid progeny (46) . This is intriguing because growth factor-dependent phosphorylation has been shown to increase Kir2 channel activity (61, 62) . Thus Kir2 channels may play a role in growth factor-dependent proliferation of phagocytic cells.
Neutrophils are also phagocytic cells that are derived from myeloid precursors, and they play a key role in host defense against bacterial pathogens (33) . Currents with properties typical of Kir2 channels have been demonstrated in newt neutrophils (26) . In mouse neutrophils, experiments with symmetrical high-K ϩ solutions have shown inward currents compatible with Kir channels (18) , but this possibility has not been examined in detail. Detection of mRNA for multiple Kir2 subunits has been reported in human neutrophils (14) , but this has not been substantiated by functional studies. Thus whether functional Kir2 channels are present in mammalian neutrophils remains unclear. Understanding the physiological relevance of Kir2 channels in mammalian neutrophils may yield important insight into their function and possibly uncover strategies for modulating neutrophil activity in the clinical setting, for example, enhancing innate immunity in immunocompromised states or preventing tissue injury in idiopathic inflammatory diseases.
In the present study, we demonstrate that resting (unstimulated) mouse neutrophils express Kir2.1 mRNA and exhibit currents with the characteristic properties of homomeric Kir2.1 channel currents. These currents represent the dominant conductance in neutrophils isolated from bone marrow as well as proliferating neutrophils derived from juvenile liver. Our results suggest that Kir2.1 channels may be important for neutrophil function.
MATERIALS AND METHODS
Animals. Experiments were conducted on 22 C57Bl/6N mice (3 for bone marrow preparations and 19 for liver preparations; Charles River Laboratories, Wilmington, MA). Animals were held in a 12-h light-dark cycle at room temperature (20 -25°C) and fed ad libitum. Mice were deeply anesthetized with isofluorane and euthanized by decapitation. Animal procedures were reviewed and approved by the Institutional Animal Care and Use Committee at Harvard University. All chemicals and reagents were purchased from Sigma (St. Louis, MO) unless otherwise indicated.
Bone marrow neutrophil isolation and culture. Bone marrow was collected from femurs and tibiae of adult female C57BL/6N mice (6 -10 wk old) by flushing the open bones with chilled Dulbecco's phosphate-buffered saline supplemented with 2% FBS (StemCell Technologies, Vancouver, BC, Canada) and 1 mM EDTA (referred to as "DFE"). Neutrophils were isolated by negative-selection magneticassociated cell sorting (MACS) with the EasySep Mouse Neutrophil Enrichment Kit (StemCell Technologies), following manufacturer's instructions. Briefly, 2 ϫ 10 8 resuspended bone marrow cells (2 ml of 1 ϫ 10 8 cells/ml suspension in DFE) were incubated at 4°C for 15 min with rat serum and neutrophil enrichment cocktail containing biotinylated antibodies against non-neutrophils (CD4, CD5, CD11c, CD45R/B220, CD49b, CD117, TER119, and F4/80). Cells were pelleted, resuspended in DFE, and incubated with neutrophil selection cocktail (containing bispecific anti-biotin and anti-dextran antibodies) and magnetic dextran-coated beads. Non-neutrophils are bound to beads via tetrameric antibody complex formation. Beads were removed with a magnet, and isolated neutrophils were resuspended in DFE at 5 ϫ 10 6 cells/ml. Cells were immediately used for total RNA isolation or plated on glass coverslips coated with 0.01% collagen by weight in 1ϫ PBS in 12-well plates (1-5 ϫ 10 5 cells/well). Plated cells were incubated at 37°C and 5% CO2 in RPMI 1640 (Invitrogen, Waltham, MA) supplemented with 10% BCS (Thermo Scientific, Waltham, MA), 24 mM NaHCO3, 2 mM HEPES, 100 U/ml penicillin plus 100 g/ml streptomycin (Lonza, Basel, Switzerland), 10 ng/ml recombinant mouse stem cell factor (SCF; Invitrogen), and 10 ng/ml recombinant mouse granulocyte colony-stimulating factor (G-CSF). Where indicated, growth factors were omitted. Plated cells were used for electrophysiological experiments.
Liver-derived neutrophil isolation and culture. Livers were dissected from male and female C57BL/6N mice (12-16 days old) and minced into small fragments with a razor blade in a Petri dish containing chilled Krebs' Ringer with glucose (referred to as "KRG") plus 0.1 mM EGTA. KRG contained the following in mM: 120 NaCl, 24 NaHCO3, 20 glucose, 5 HEPES, 4.8 KCl, 1.2 MgSO4, and 1.2 KH2PO4; pH 7.4 with 1 M NaOH; 300 mosM. Osmolarity was measured with a VAPRO 5520 vapor pressure osmometer (Wescor Biomedical Systems, Logan, UT). Liver fragments were washed with KRG and incubated at 37°C in KRG plus 1.3 mM CaCl2 and 2 mg/ml collagenase type II (Worthington, Lakewood, NJ) with gentle rocking for 10 min. Fragments were triturated by sequential pipetting in the same solution at 37°C. Collagenase digestion was stopped by addition of DMEM (Invitrogen) supplemented with 10% BCS (Thermo Scientific), 25.6 mM glucose, 17.9 mM NaHCO3, 2 mM HEPES, and 100 U/ml penicillin plus 100 g/ml streptomycin (Lonza; referred to as "culture medium") and transferred to ice. The cell suspension was filtered through a 40-m cell strainer (BD Falcon, San Jose, CA), and the low-speed fraction (hepatocyte-enriched fraction) was precipitated by centrifugation at 50 g for 10 min at room temperature. Cells were resuspended in culture medium and plated on glass coverslips coated with 0.01% collagen by weight in 1ϫ PBS in six-well plates (1-3 ϫ 10 6 cells/well). Cells were incubated at 37°C and 5% CO2 in culture medium; medium was replaced after 4 h and again after 2 days. Cells were used for RT-PCR, electrophysiology, or live cell immunofluorescence experiments.
Reverse transcription-polymerase chain reaction. For reverse transcription-polymerase chain reaction (RT-PCR) from bone marrow neutrophils, total RNA was purified from freshly isolated neutrophils (5 ϫ 10 6 cells) using the RNeasy Plus Mini kit (Qiagen, Valencia, CA), following the manufacturer's instructions. This kit removes genomic DNA with a spin column, which obviates the need for DNAse digestion. Purified RNA was quantified with a NanoDrop ND-1000 spectrophotometer (Thermo Scientific). One microgram of RNA was reverse transcribed in a 20-l reaction using random hexamers (Roche, Indianapolis, IN) and SuperScript III Reverse Transcriptase (RT) (Invitrogen), following the manufacturer's instructions (5 min at 25°C, 60 min at 50°C, 15 min at 70°C), in a PTC-100 thermal cycler (MJ Research, Waltham, MA). As a positive control, total RNA was isolated from mouse hippocampus, which is known to express Kir2.1, Kir2.2, Kir2.3, and Kir2.4 (60) . In RT-negative controls, RT was replaced with nuclease-free water.
Two microliters of the RT reaction were used for 30 cycles of PCR [5 s at 98°C, 30 s at the annealing temperature of the primer pair (58 -62°C), and 30 s at 72°C] in a 50-l reaction with Phusion HF PCR master mix with High-Fidelity buffer (New England Biolabs, Ipswich, MA) and gene-specific primers, as follows: mouse Kir2.1 (GenBank Accession No. NM_008425) forward 5=-CTACAG-CATCGTCTCTTCG-3=, reverse 5=-TATCAACCAAAACACA-CAGC-3= (amplicon ϭ 295 bp); mouse Kir2.2 (NM_010603.6) forward 5=-TTGCCTCCTGGTTGTTGT-3=, reverse 5=-CCTCCAC-GATGTGACTCTTAC-3= (amplicon ϭ 402 bp) (22) ; mouse Kir2.3 (NM_008427.4) forward 5=-CCTCTTCTCAGTGGAGACC-3=, reverse 5=-TCATGTAGGGTTTGATGAGC-3= (amplicon ϭ 311 bp) or forward 5=-CCAGTGTAACGTCTACTTCG-3=, reverse 5=-TC-CACTGAGAAGAGGAAGG-3= (amplicon ϭ 309 bp); mouse Kir2.4 (NM_145963.2) forward 5=-CCCAAGAAACGCAACGAG-3=, reverse 5=-CGATGGAAGTGGCGATAGT-3= (amplicon ϭ 482 bp) (22) . As positive control, ␤-actin expression was assessed with the QuantumRNA ␤-actin Internal Standards kit (Ambion, Waltham, MA) at a primer:competimer ratio of 2:8, which corresponds to moderately expressed transcripts (amplicon ϭ 294 bp).
For RT-PCR from liver-derived neutrophils, neutrophils were aspirated from mouse liver preparations after 3-5 days in culture by placing a glass coverslip into a plastic dish with 2 ml DFE on an inverted microscope (Zeiss, Jena, Germany). Large-diameter-tip electrodes were made from borosilicate glass capillaries (Warner Instruments, Hamden, CT) using a Flaming-Brown P-97 micropipette puller (Sutter Instrument, Novato, CA) and were coated with FCS (Invitrogen). Electrodes were loaded onto a CV 203BU headstage (Molecular Devices, Sunnyvale, CA) mounted on a MP-285 micromanipulator (Sutter Instrument), and neutrophils were aspirated singly into the electrode using gentle mouth suction under microscopic observation. Total RNA was immediately purified from aspirated liver neutrophils (ϳ1 ϫ 10 2 cells) using the RNeasy Plus Mini kit (Qiagen). Five microliters of purified RNA (from an eluate of 30 l) were reverse transcribed and amplified by PCR in the same 25-l reaction using gene-specific primers (see above) and the OneStep RT-PCR kit (Qiagen), following the manufacturer's instructions [30 min at 50°C, 15 min at 95°C, and 40 cycles of PCR amplification each consisting of 30 s at 94°C, 30 s at the annealing temperature of the primer pair (57-59°C), and 1 min at 72°C], in a PTC-100 thermal cycler (MJ Research).
PCR products were resolved by 1.5% agarose gel electrophoresis, visualized with GelRed (Biotium, Hayward, CA), sized with 1 kb Plus DNA ladder (Invitrogen), and imaged in an enclosed ultraviolet hood with Quantity One 4.6.1 software (both from Bio-Rad, Hercules, CA).
Electrophysiological methods. Electrophysiological recordings were performed at room temperature in a diamond-shaped solution chamber (150-l vol) mounted on the headstage of an inverted microscope (Zeiss) under continuous perfusion (1 ml/min flow rate). On the day of experiments, glass coverslips were cracked with a diamond-tip pen and shards were placed in the recording chamber. Bone marrow neutrophils were used 2-30 h after plating, and liverderived neutrophils were used 2-5 days after plating. No timedependent differences were observed in the electrophysiological properties of either cell type. ϩ added); 270 mosM. Amphotericin B was prepared as a 20 mg/ml stock solution in DMSO and added to the pipette solution on the day of the experiment to achieve 200 g/ml amphotericin B. For conventional whole cell recordings, 4 mM MgATP and 0.3 mM NaGTP were added to the pipette solution. For experiments with internal pH 6.6, HEPES was replaced by BES and the final pH was titrated to 6.6 with 1 M KOH (ϳ0.6 mM K ϩ added). For singlechannel recordings in the cell-attached configuration, the pipette solution contained the following in mM: 140 KCl, 10 HEPES, 2 CaCl2, and 1 MgCl2; pH 7.4 with 1 M KOH (ϳ3.6 mM K ϩ added); 285 mosM.
Recording electrodes were made from thin-walled borosilicate glass capillaries (Warner Instruments) using a Flaming-Brown P-97 micropipette puller (Sutter Instrument), and their resistance was 2-3 M⍀ when filled with pipette solution. The perforated-patch configuration was obtained within 5 min of G⍀ seal formation. Capacitive currents were elicited by 5-mV pulses from a holding potential of 0 mV and were compensated using the "whole cell parameters" functions (whole cell capacitance and series resistance) of the amplifier. The readout of the whole cell capacitance knob was used to calculate current density. The average whole cell capacitance (Cm) was 3.1 Ϯ 0.2 pF (n ϭ 59 cells).
Macroscopic currents were acquired in the voltage-clamp mode using a CV 203BU headstage and Axopatch 200B amplifier, filtered at 1 kHz, and digitized at 5 kHz using a DigiData 1200 Series Interface board (all from Molecular Devices). Single-channel recordings were filtered at 1 kHz and digitized at 1-5 kHz. Membrane potentials were corrected for liquid junction potentials. The holding potential was Ϫ45 mV.
Data analysis. Offline data analysis was performed using the pClamp10.3.1.4 software suite (Molecular Devices) and Excel 2010 (Microsoft, Redmond, WA). Steady-state currents were obtained from voltage-step protocols by calculating mean current within a 10-ms interval at the end of the step. Current density (Izeroed/Cm, in pA/pF) was calculated at Vm ϭ Ϫ115 mV by subtracting current in [
and dividing by whole cell capacitance (Cm). Reversal potential (Erev) was determined from continuous 1-s voltage ramps from Ϫ115 to ϩ25 mV by fitting binomial functions to the current in the vicinity of Erev and calculating the zero-intercept voltage with the solver function of Excel. To determine the relationship between Erev and [K ϩ ]o, data were fitted with a Nernst equation:
where Erev is the reversal potential, 2.303RT/F is the Nernstian slope 
where Irel is the current relative to that in the absence of blocker, K1/2 is the half-maximal inhibitory concentration, and H is the Hill coefficient. The solver function of Excel was used to obtain values for H and K 1/2 via least-squares fit. Single-channel conductance was obtained from cell-attached recordings containing up to 4 channels by manually determining singlechannel current amplitude (I sc) at pipette voltages (Vp) from ϩ75 to ϩ155 mV and fitting the data with a linear fit (where the slope is the single-channel conductance) in Excel.
Data are shown as means Ϯ SE. Statistical significance was assessed by Student's t-test, with P Ͻ 0.05 considered statistically significant. Figures were generated using Excel and PowerPoint 2010 (Microsoft).
Live cell immunofluorescence. Liver preparations plated on glass coverslips and cultured for 2-5 days were incubated for 1 h at 37°C and 5% CO 2 in 24-well plates containing 300 l culture medium plus 1 l of each antibody (1:300 dilution) and 5 g/ml DAPI. Antibodies used were CD11b-PE and CD11b-FITC (BioLegend, San Diego, CA) and Ly-6G(Gr1)-FITC and Ly-6G(Gr1)-PE (eBioscience, San Diego, CA). Cells were washed twice with 1ϫ PBS and placed in a recording chamber filled with control bath solution at room temperature, mounted on an upright Olympus BX51WI microscope (Olympus, Center Valley, PA) with a ϫ40 dipping objective. The fluorescence microscopy setup is essentially as described previously (48) . In brief, fluorophores were excited using a Xenon lamp and monochromator with a 12.5-nm Polychrome IV band-pass (TILL Photonics, Hillsboro, OR) using the following excitation wavelengths (in nm): 494 for FITC, 564 for PE, and 358 for DAPI. Emitted light was separated with a triple-band dichroic (69002; Chroma, Bellows Falls, VT) and collected with a CCD camera (TILL Photonics, IMAGO-QE) using a dual-view image splitter (Optical Insights, Tucson, AZ) with 529/24 and 629/53 nm band-pass filters (Semrock, Rochester, NY) for PE and FITC. For DAPI, a DCLP410 ϩ LP400 filter was used (Semrock). Images were acquired with TILLVision v4.0.1 (TILL Photonics) at 200-ms exposure with a 50-ms live cycle and no binning. Figures were generated with Image J 1.37a and Powerpoint 2010.
RESULTS
Mouse bone marrow neutrophils express mRNA for the Kir2 subunit Kir2.1. Mouse neutrophils isolated from bone marrow are functionally mature and exhibit greater in vitro proliferative capacity than peripheral blood neutrophils (3). We thus isolated mouse neutrophils from bone marrow and examined whether they express inward rectifier potassium channels of the Kir2 subfamily. End-point RT-PCR using total RNA extracted from mouse bone marrow neutrophils showed robust expression of the Kir2 subunit Kir2.1 (Fig. 1A) . No expression was detected for other Kir2 subunits (Kir2.2, Kir2.3, and Kir2.4). Total RNA from mouse hippocampus was used as positive control and showed expression of all four Kir2 subunits (Fig.  1B) , as expected (60) . Based on these results, we hypothesized that bone marrow neutrophils express functional homomeric Kir2.1 channels.
Mouse bone marrow neutrophils exhibit K ϩ -dependent currents with characteristic properties of Kir2 channel currents. To examine whether mouse neutrophils exhibit functional Kir2 channels, amphotericin B perforated patch-clamp experiments were performed using short-term cultures of bone marrow neutrophils. Neutrophils were isolated using negative selection, which prevents surreptitious stimulation by antibodies bound to surface receptors during isolation. The perforated patchclamp configuration was chosen because it preserves intracellular conditions, including cytoskeletal integrity, organelle function, and cell signaling pathways (8) . Bone marrow neutrophils were cultured for up to 30 h in RPMI 1640 medium supplemented with growth factors. The majority of neutrophils were rounded in shape and nonadherent ( Fig. 2A) , consistent with resting (unstimulated) neutrophils. This is similar to what is observed in overnight cultures of human neutrophils (11) . Cells with this appearance were selected for patch-clamp experiments, and their macroscopic current properties were examined.
We found that the dominant current in resting bone marrow neutrophils is a strong inwardly rectifying current that is dependent on external K ϩ (Fig. 2, B and C) . The reversal potential (E rev ) of the current is Ϫ82.0 Ϯ 0.6 mV (n ϭ 9 cells), which approximates the predicted equilibrium potential for K
The current is constitutively active and stable for Ͼ30 min of recording time and was observed in all examined cells. The rectification properties are in keeping with Kir2 channels, with strong and "steep" inward rectification (1), i.e., no outward current is detected at membrane potentials more positive than Ϫ20 mV (Fig. 2D) . At V m values more negative than approximately Ϫ120 mV, currents exhibit slow time-dependent "inactivation" (Fig. 2B) , which likely reflects Na ϩ -dependent block exhibited by Kir2 channels at very negative V m values (28) Fig. 2, B and D ). Blocking the current with 100 M Ba 2ϩ leads to depolarization of V m , as indicated by a significant shift in E rev from Ϫ81.4 Ϯ 0.7 to Ϫ65.7 Ϯ 2.4 mV (n ϭ 6 cells; P ϭ 4.9 ϫ 10
Ϫ4
). These electrophysiological properties are consistent with Kir2 channels.
Functional Kir2 expression has been documented in human hematopoietic progenitor cells and has been proposed to play a role in the regulation of proliferation and generation of myeloid progeny in a growth factor-dependent manner (46) . It is thus possible that Kir2 plays a role in the proliferation of mouse neutrophils. We tested whether the presence of growth factors (G-CSF and SCF) in the culture medium has an effect on Kir2 current density. G-CSF is the key growth factor that stimulates neutrophil proliferation and development (2) . SCF is a monocytic/granulocytic growth factor that is not lineage specific but enhances the effect of other growth factors including G-CSF (53) 
Ϫ4 ; Fig. 2E ). This may indicate that regulation of Kir2 channel activity is one of the mechanisms by which growth factors affect neutrophil proliferation and function. 
Proliferating neutrophils in vitro can be obtained from preparations of mouse liver.
We were interested in examining Kir2.1 channel activity in proliferating neutrophils. Although greater than that of peripheral blood neutrophils, the in vitro proliferative capacity of bone marrow neutrophils is still limited (3). In mice, the liver is the main site of hematopoiesis during fetal development, and hematopoiesis in the liver persists after birth until ϳ2 wk of age (21, 51) . Thus juvenile mouse liver could potentially be a source of developing neutrophils. Indeed, we found that a preparation of proliferating neutrophils can be obtained from the liver of 12-to 16-day-old mice. We isolated liver cells by collagenase digestion and cultured the low-speed fraction, which is enriched for hepatocytes but may contain small proportions of nonparenchymal cells such as endothelial cells or resident liver macrophages (Kupffer cells) (31) . Four hours after plating, the preparation consists almost entirely of large adherent epithelial cells with the typical appearance of cultured hepatocytes. After 1-2 days in culture, small clusters of rounded nonadherent cells are easily identified, and these continue to grow in number for up to 5 days in culture. Live cell staining with DAPI revealed that cells in these clusters have segmented nuclei (Fig. 3A) characteristic of mature neutrophils (59) .
To confirm that these cells are neutrophils, we performed live cell immunofluorescence (IF) by incubating the preparation with fluorescently labeled antibodies to neutrophil surface markers. As expected, cells are positive for the monocyte/ granulocyte marker CD11b and the mature neutrophil marker Ly-6G (Gr1; Fig. 3B ) (53, 55) . Staining for Gr1 is variable in intensity, possibly reflecting some variability in the degree of maturation. In conjunction with the nuclear morphology, the IF results confirm that these cells are neutrophils.
Mouse liver-derived neutrophils express mRNA for Kir2.1 and exhibit K ϩ -dependent currents with characteristic properties of Kir2.1 channel currents. As with bone marrow neutrophils, end-point RT-PCR using total RNA extracted from mouse liver-derived neutrophils showed robust expression of Kir2.1 but not of the other Kir2 subunits (Kir2.2, Kir2.3, and Kir2.4; Fig. 4A ). Based on this result, we hypothesized that liver-derived neutrophils express functional homomeric Kir2.1 channels and examined their electrophysiological properties in the amphotericin B perforated patch-clamp configuration. Like bone marrow neutrophils, liver-derived neutrophils express a constitutively active, external K ϩ -dependent, strong inwardly rectifying current, which constitutes the dominant current under physiological conditions (Fig. 4, B and C) . At V m ϭ Ϫ115 mV and [K ϩ ] o ϭ 5 mM, the current density is Ϫ18.5 Ϯ 0.4 pA/pF (n ϭ 37 cells), which is not significantly different from the current density in bone marrow neutrophils (P ϭ 0.14). The rectification properties are also in keeping with Kir2 channels, with no outward current detected at V m values more positive than Ϫ20 mV (Fig. 4C) . The current is fully and reversibly blocked by 100 M Ba 2ϩ in the bath solution (98.4 Ϯ 0.8% block at V m ϭ Ϫ115 mV; n ϭ 7 cells; Fig. 4, B and C) . These electrophysiological properties are consistent with Kir2 channels. (Fig. 5, A and B) and the reversal potential (E rev ) becomes more positive (Fig. 5, C and D Fig. 5D ).
To confirm that the molecular identity of these channels is homomeric Kir2.1, as suggested by RT-PCR results, we carried out a more detailed analysis of current properties. We examined block by known blockers of Kir2 channels (Ba 2ϩ and Cs ϩ ) and the Kir2-selective small molecule inhibitor ML133 (Fig. 6, A-C ] o ϭ 140 mM, V m ϭ Ϫ100 mV, and pH 7.4, the K 1/2 for ML133 is 2.14 Ϯ 0.68 (H ϭ 2.06 Ϯ 0.15; n ϭ 3 cells; Fig. 6F ). This result is also in good agreement with the previously reported value for homomeric Kir2.1 channels (54).
Single-channel conductance was determined from singlechannel recordings in the cell-attached configuration with 140 mM K ϩ in the pipette. Channels were detected as negativecurrent deflections (inward current) at negative voltages, but no channel activity was seen at positive voltages, as expected for Kir2 channels exhibiting strong inward rectification (Fig. 7A) . A linear fit of the single-channel current-voltage relationship yields a single-channel conductance of 22.3 Ϯ 0.9 pS (n ϭ 8 cells; Fig. 7B ). This value is in agreement with previously reported values for homomeric Kir2.1 channels (28, 30, 40, 47) .
Modulation by external pH was examined by measuring current density at external pH 6.6 and 8.2. Kir2 channels containing the pH-sensitive subunits Kir2.3 and Kir2.4 exhibit significant modulation under these conditions (inhibition by pH 6.6 and stimulation by pH 8.2) (7, 25, 38, 58, 64) . Neither pH 6.6 nor pH 8.2 had a significant effect on current density compared with pH 7.4 (Fig. 8, A and B) . This is consistent with homomeric Kir2.1 channels, which are not modulated by external pH.
Kir2 currents in mouse neutrophils are unaffected by internal pH. We were interested in examining modulation by internal pH, given that neutrophils undergo intracellular acidification (to approximately pH 6.6) during the respiratory burst that initiates phagocytosis (10, 36) . In these conditions, Kir2 channels containing pH-sensitive subunits would be inhibited, while homomeric Kir2.1 channels would not be affected (42, 64) . However, manipulation of intracellular pH in the perforated patch-clamp configuration is challenging. We opted to perform experiments in the conventional whole cell patchclamp configuration, where intracellular pH is determined by the pipette solution. Although this approach disrupts intracellular conditions and subjects Kir2 currents to rundown, it has been successfully applied to the study of Kir2 channels in immune system cells (13, 20, 43, 49) . Measurements obtained shortly after breaking in (Ͻ5 min) provide a reasonable assessment of current density as a function of intracellular pH.
As expected from perforated patch-clamp experiments, the Kir2 channel current comprises the dominant current in liverderived neutrophils in the whole cell configuration with internal pH 7.4 (Fig. 8C) . With internal pH 6.6, there is no significant difference in Kir2 current density compared with pH 7.4 (Ϫ17.3 Ϯ 2.1 pA/pF vs. Ϫ16.9 Ϯ 1.7 pA/pF, respectively, at V m ϭ Ϫ115 mV and [K ϩ ] o ϭ 5 mM; n ϭ 3-9 cells; P ϭ 0.87; Fig. 8, C and D) . Neither whole cell current density is significantly different from current density in the perforated patch-clamp configuration (P ϭ 0.55 and 0.69, respectively). This indicates that Kir2 currents are not affected by intracellular pH, as expected for homomeric Kir2.1 channels. Additionally, with internal pH 6.6 cells exhibit large, slowly activating outward currents at positive membrane voltages, and these currents are blocked by external 100 M Zn 2ϩ (Fig. 8C) . A detailed examination of these currents is beyond the scope of this study, but their properties are in keeping with voltagegated proton channels (Hv1), which have been extensively characterized in neutrophils (11, 12) . Hv1 channels are activated by intracellular acidification and play a key role in charge and pH compensation during the respiratory burst in phagocytes (9, 10). Their detection is expected and distinct under these conditions. 
DISCUSSION
Mouse neutrophils express functional Kir2.1 channels. In the present study we demonstrate that mouse neutrophils express functional Kir2.1 channels and that these constitute the dominant conductance in resting (unstimulated/nonactivated) conditions. We conclude that these channels consist of homomeric Kir2.1 on the basis of RT-PCR results (showing detection of mRNA for Kir2.1 but no other Kir2 subunit), electrophysiological characterization of macroscopic currents (which exhibit strong and "steep" inward rectification, block by Ba 2ϩ in the low-M range, inhibition by ML133, and lack of modulation by internal or external pH), and single-channel currents (yielding a single-channel conductance of 22.3 pS).
Inhibition of these currents by the Kir2-selective inhibitor ML133 with K 1/2 values of ϳ2 M confirms that they are Kir2 channel currents. ML133 binds to residues on the inner face of the pore-lining M2 helix and presumably blocks the K ϩ permeation pathway at that level (54) . In the same conditions we employed ([K ϩ ] o ϭ 140 mM, V m ϭ Ϫ100 mV, and pH 7.4), ML133 inhibits Kir2 channels with K 1/2 values in the range of ϳ2-4 M, while other Kir subfamilies (Kir1, Kir4, Kir6, and Kir7) exhibit K 1/2 values of ϳ8 M or higher (54). ML133 does not precisely discriminate between Kir2 isotypes, but the K 1/2 value we obtained (2.1 M) is close to the reported value for Kir2.1 (1.9 M), which is lower than the values for other Kir2 isotypes (2.9 M for Kir2.2 and 4.0 M for Kir2.3) (54).
Although specific blockers of Kir2 channel isotypes are not available, Kir2 subunit composition can be discerned on the basis of differential sensitivity to Kir channel blockers such as Ba The pH-sensitive Kir2 subunits (Kir2.3 and Kir2.4) are inhibited by acidification and stimulated by alkalinization of either the intracellular or extracellular milieu, whereas Kir2.1 and Kir2.2 are not (7, 25, 38, 42, 58, 64) . Macroscopic Kir2 currents exhibit significant pH modulation when as few as 20% of the subunits in the population are pH sensitive (58) . The lack of pH sensitivity of neutrophil Kir2 channels argues against a contribution of these subunits.
Finally, single-channel recordings in the cell-attached configuration with high K ϩ in the pipette reveal strong inwardly rectifying channels with a single-channel conductance of 22.3 pS. This value is in good agreement with reported values of 22-31 pS for homomeric Kir2.1 channels (28, 30, 40, 47 (30, 37, 40, 47, 50) . Thus the single-channel conductance data, in conjunction with blocker data, RT-PCR, and pH modulation experiments, confirm that the molecular identity of Kir2 channels in mouse neutrophils is homomeric Kir2.1.
In human eosinophils, mRNA for Kir2.1 was detected by RT-PCR (49) , but the expression of other Kir2 subunits was not assessed. Kir2 channels in eosinophils are inhibited by intracellular acidification (49) , which may indicate a contribution from pH-sensitive subunits. By contrast, our data show that Kir2 currents in neutrophils are unaffected by intracellular acidification, as expected for homomeric Kir2.1 channels.
Kir2 channels may contribute to regulation of membrane potential and Ca 2ϩ entry in neutrophils. The physiological role of Kir2 channels in mammalian neutrophils remains to be elucidated, but a likely possibility is that they contribute to regulation of the resting membrane potential (V m ) by stabilizing it close to E K . This would be analogous to their role in excitable cells and has been previously proposed in phagocytes (26, 35, 49 (20) ; similarly, we observed a shift in E rev towards more positive values when Kir2 channels were blocked by Ba 2ϩ . By maintaining a relatively hyperpolarized V m , Kir2 channels may increase the electrochemical driving force for Ca 2ϩ influx into neutrophils via SOCE. This role for Kir2 channels has been demonstrated in another nonexcitable cell type, the endothelial cell, where Kir2 channels are important determinants of the resting membrane potential and the driving force for Ca 2ϩ entry (39) . SOCE plays an important role in neutrophil recruitment at sites of inflammation, as it contributes to the increase in intracellular Ca 2ϩ needed for neutrophil adhesion and migration through the vascular endothelium (16, 44) . Kir2 channels could potentially contribute to the regulation of these processes by facilitating SOCE.
SOCE is also important for activation of NADPH oxidase during the respiratory burst in phagocytes (4, 63) . During the burst, electron flux into the phagosome mediated by NADPH oxidase leads to marked depolarization of V m (9) . This depolarization is expected to decrease the driving force for SOCE. Since homomeric Kir2.1 channels would not be inhibited by intracellular acidification during the respiratory burst, they could help maintain the driving force for Ca 2ϩ entry. However, Ba 2ϩ does not significantly impair the respiratory burst in human eosinophils (49) or mouse macrophage-derived cells (34) , arguing against a significant role of Kir2 channels in this process. In fact, activation of macrophages by exposure to LPS or TNF-␣ leads to downregulation of Kir2 currents (34, 52) . Kir2 channels in neutrophils may thus be selectively expressed in the resting (unstimulated) state but not in the activated state. Electrophysiological experiments with activated mouse neutrophils may be informative in this regard.
Modulation of Kir2 channel function by growth factors. Kir2 channel expression is modulated by growth factors in mammalian phagocytes and their precursors (46, 52) , and knockdown or block of Kir2.1 inhibits generation of myeloid progeny from human hematopoietic progenitor cells (46) . Our findings that growth factors increase Kir2.1 current density in mouse neutrophils and that proliferating neutrophils exhibit robust Kir2.1 channel activity suggest that Kir2 channels may play a role in growth factor-dependent proliferation and development of neutrophils. This may occur via hyperpolarization of V m and facilitation of SOCE, as mentioned above. In human myoblasts, upregulation of Kir2.1 channels leads to hyperpolarization of V m , increased intracellular Ca 2ϩ via SOCE, and activation of transcription factors necessary for differentiation into myocytes (24, 29) . Kir2-dependent hyperpolarization of V m is important for regulation of proliferation in other cell types such as microglia (45) and cardiac myofibroblasts (5) .
Neutrophils can be produced in two ways, both of which are stimulated by G-CSF: development from precursor cells in the bone marrow (steady-state granulopoiesis) or expansion of the existing neutrophil population in the setting of bacterial infection ("emergency" or "stress" granulopoiesis) (2, 33) . In HEK-293 cells, activation of the epidermal growth factor receptor (EGFR) leads to tyrosine kinase-dependent, site-specific phosphorylation of Kir2 channels, which in turn results in increased channel activity (61, 62) . Although the G-CSF receptor lacks intrinsic tyrosine kinase activity, its activation results in engagement of cytoplasmic tyrosine kinases (2) . Thus a similar mechanism could underlie the increase in Kir2 current density caused by growth factors in neutrophils. Paradoxically, however, others have reported that Kir2 channel activity is decreased by EGFR-dependent tyrosine phosphorylation in COS-7 cells, Xenopus oocytes, and human myoblasts (29, 57) . Thus, although there is growing evidence of direct modulation of Kir2 channel activity by growth factor-dependent tyrosine phosphorylation, the functional consequence appears to depend on cell type. The mechanistic details of such phosphorylation in neutrophils remain to be investigated.
Proliferating neutrophils can be derived from juvenile mouse liver. Mammalian neutrophils exhibit limited in vitro proliferation, which hinders experimental examination of these questions. We found that culturing the hepatocyte-enriched fraction of juvenile mouse liver for 2-5 days yields proliferating neutrophils suitable for electrophysiological experiments. In mice, the liver is the primary site of blood cell production in the fetal period. Following birth, hematopoiesis shifts to the bone marrow and spleen, but extramedullary hematopoiesis persists in the liver for ϳ2 wk (21, 51) . Indeed, histological sections of juvenile mouse liver (12-16 days old) show frequent clusters of developing hematopoietic cells (data not shown). Small numbers of hematopoietic precursors present in the preparation could give rise to the neutrophils we observed.
G-CSF can be secreted by many cell types, including endothelial cells and tissue macrophages (2) , and this presumably sustains neutrophil proliferation in our preparation. Large numbers of neutrophils can be isolated from the liver of adult mice after stimulation with adenovirus (6), but we are unaware of expansion of mature neutrophils in the mouse liver in the absence of inflammatory stimuli. We favor that the neutrophils in our preparation are derived from precursors via steady-state granulopoiesis.
The focus of this study is the electrophysiological characterization of Kir2 channels in mouse neutrophils. We designed the liver preparation with the goal of obtaining cells suitable for electrophysiology experiments, rather than rigorously quantifying proliferation, which is needed to examine whether Kir2 channels play a role in neutrophil proliferation. We are currently modifying the preparation to allow quantitation of proliferation and expand the utility of this model.
Implications for expression of Kir2 channels in human neutrophils. This study constitutes the first detailed characterization of Kir2 channels in mammalian neutrophils. Currents with the properties of Kir2 channels have been demonstrated in newt neutrophils, which are considered analogous to mammalian neutrophils (26) . In mouse neutrophils isolated from peripheral blood, experiments with symmetrical high-K ϩ solutions have shown inward currents compatible with Kir channels (18) , but these currents were not examined in detail. Human peripheral blood neutrophils express mRNA for multiple Kir2 isoforms (Kir2.1, Kir2.2, Kir2.3, and Kir2.4) (14) . However, thus far functional Kir2 channels have not been demonstrated in human neutrophils. A caveat is that many electrophysiological studies have employed experimental conditions not specifically designed to investigate Kir2 channels (for example, K ϩ was omitted from the pipette solution) (11, 12, 19) , but in at least some studies, detection of Kir2 channels was sought (27) .
Although it is possible that Kir2 channel expression in mammalian neutrophils is species specific, differences in tissue of origin, isolation procedure, and/or experimental conditions may account for these differences. Given our interest in exploring a possible role of Kir2 channels in neutrophil proliferation, we have focused on neutrophil populations that are mature but exhibit greater proliferative capacity than peripheral blood neutrophils. In mice, mature neutrophils derived from bone marrow survive significantly longer in culture than neutrophils from peripheral blood (3). Similar differences may potentially exist in humans, and electrophysiological studies of human neutrophils have been performed on peripheral blood neutrophils (11, 12, 19, 27) . It is possible that expression of Kir2 channels in mammalian neutrophils correlates with proliferative capacity and is downregulated after they are released into the peripheral circulation. Comparison of Kir2 channel expression in mouse neutrophils from peripheral blood vs. bone marrow and liver may be helpful in examining this possibility.
Functional expression of Kir2 channels is well documented in primary monocytes/macrophages from both mouse (17, 43) and human (20) , as well as macrophage-derived cell lines of both mouse (34, 35) and human origin (13) . Given the functional similarities between macrophages and neutrophils, as well as their derivation from a common precursor, it seems plausible that they would be similar in their ion channel expression profile. However, the human promyelocytic cell line HL-60 expresses Kir2 channels when it is differentiated into macrophages but not into granulocytes (56) , possibly indicating that there are important differences in ion channel expression between the two phagocytic lineages in humans.
In summary, we demonstrate here that mouse neutrophils express functional Kir2.1 channels by a combination of RT-PCR and electrophysiological characterization of macroscopic and single-channel currents. These channels constitute the dominant conductance in bone marrow neutrophils and proliferating neutrophils from juvenile liver in resting (unstimulated) conditions. Further work is needed to elucidate the physiological significance of Kir2.1 channels in mammalian neutrophils, but we speculate that they may contribute to the regulation of resting membrane potential and Ca 2ϩ entry, possibly in a growth factor-dependent manner. 
